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ABSTRACT 

Using galaxy samples drawn from the Sloan Digital Sky Survey and the DEEP2 Galaxy Redshift 
Survey, we study the relationship between star formation and environment at z ~ 0.1 and z ~ 1. We 
estimate the total star-formation rate (SFR) and specific star-formation rate (sSFR) for each galaxy 
according to the measured [O II] A3727A nebular line luminosity, corrected using empirical calibrations 
to match more robust SFR indicators. Echoing previous results, we find that in the local Universe 
star formation depends on environment such that galaxies in regions of higher overdensity, on average, 
have lower star-formation rates and longer star-formation timescales than their counterparts in lower- 
density regions. At z ~ 1, we show that the relationship between specific SFR and environment mirrors 
that found locally. However, we discover that the relationship between total SFR and overdensity at 
z ~ 1 is inverted relative to the local relation. This observed evolution in the SFR-density relation 
is driven, in part, by a population of bright, blue galaxies in dense environments at z ~ 1. This 
population, which lacks a counterpart at z ~ 0, is thought to evolve into members of the red sequence 
from z ~ 1 to z ~ 0. Finally, we conclude that environment does not play a dominant role in the 
cosmic star-formation history at z < 1: the dependence of the mean galaxy SFR on local galaxy 
density at constant redshift is small compared to the decline in the global SFR space density over the 
last 7 Gyr. 

Subject headings: galaxies :high-redshift, galaxies:evolution, galaxies:statistics, galaxies:fundamental 
parameters, large-scale structure of universe 



1. INTRODUCTION 

The global level (or space density) of star-formation 
activity has dropped dramatically from z ~ 1 to the 
present ([Lilly et alJ 119961 : iMadau et all 1 1996( 1 . While 
measurements of the cosmic star-formation history have 
signifi cantly improved in precision over the pa s t decade 
(e.g.. iSteidel et alJ 119991: iWilson et all 120021 : iHopkinsI 
120041 : ]Hopkins fe Beacomll2006l ). constraining the evolu- 
tion at z < 1 to within ~ 50%, the cause of this global 
decline at late times is still poorly understood. 

A wide variety of mechanisms, such as fuel exhaustion 
via the gradual or rapid depletion of gas reservoirs or 
the impact on star formation of a decline in the galaxy 
merger rate, have been considered as possible culprits for 
the reduction in star-formation actiyity since z ~ 1 (e.g., 
Le Fevre et ail 120001: iHammer et all 120051: iNoeske et all 



2007aHZheng et al.ll2007( l. Many of the potential causes 
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for the decline in the global star-formation rate should be 
closely linked to the environment in which a given galaxy 
is found. Physical processes such as ram-pressure strip- 
ping or galaxy harassment, which pr eferentially occur in 
regions of higher galaxy density (e.g. JGunn fc GottJ[T972t 
iMoore et allll996l Il998t iHesterl I2006TT can remove gas 
from galaxies as they fall into rich groups and clusters, 
leading to a depletion in star formation via starvation. 
Heating of intracluste r gas due to cluster mergers (e.g., 
iMcCarthv et al.ll2007f ) or virial shock heating of infalling 
gas in massive dark matt er halos (e.g. lBirnboim fc Dekell 
120031 : iKeres et"aTl l2005[ l could also be responsible for 
cutting off the supply of cold gas in high-density en- 
vironments. Similarly, galax y groups are the pref erred 
location for galaxy mergers ([Cavaliere et al.l Il992f l and 
interactions which may induc e bursts of star formation 
and/or expulsion of gas (e.g..lMihos fc Hernquistl [19961 : 
ICox et aLlbooH iLin et al1l2007fl . 

The advent of large spectroscopic gal axy surveys, such 
as the Sloan Digital Sky Survey fSDSS. lYork~et^[2000h 
and t he 2-degree Field G alaxy Redshift Survey (2dF- 
GRS, IColless et al.l 12001( 1. has greatly enhanced our 
ability to study the connection between galaxies and 
their environments (determined from the local over- 
density of galaxies). Many galaxy properties — in- 
cluding their star-formation rates (SFR) — have been 
found to depend on galaxy environment in the lo- 
cal U ni verse (e.g.. iDavis fc Gelled [1971 iBalogh et al 



2004al iKauffmann et al. 2004: Christlein fc Zabludofi 



2005). For instance. iBlanton etaL I (|2005aD showed that 



the typical rest-frame color, luminosity, and morphol- 
ogy of nearby galaxies is highly correlated with the local 
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galaxy density on ~ 1 h^ 1 Mpc scales. 

As the SDSS and 2dFGRS have revolutionized the 
study of nearby galaxies, recent advances in the scope of 
galaxy surveys at higher redshifts have permitted some of 
the first studies of environment able to span a continuous 
range of galaxy densities from voids to rich groups and 
clusters at z ~ 1. Among the current gener ation of sur- 
veys, the PEEP2 Gala xy Redshift Survey (jPavis et al.l 
120031 iFaber et al.ll2008f ) is best suited for studying galaxy 
environments at z ~ 1, thanks to its relatively large area 
and unmatched sample size, number density, and velocity 
precision. 

Studies of galaxies at intermediate redshift have found 
that many of the global trends with environment ob- 
served l ocally were in p lace a t z ~ 1; using the DEEP2 
sample, iCooper et al.l (|2006l ) showed that the color- 
density relation was already well-established then, with 
red galaxies favoring dense environments relative to their 
blue counterparts and the bluest galaxies favoring un- 
derdense environ ments most strongly . Recent results 
from COSMOS (IScoville et alJ f2007n and the VVDS 
(|Le Fevre et~all |2005|) have found similar trends when 
looking at both the colors and m orphologies of galax- 
ies at intermediate redshift (e.g., ICucciati et al.ll2006t 
ICassata et al"1l2007l) . 

The DEEP2 spectroscopy allows measurement of star- 
formation rates using the same indicator, [O II] A3727A 
luminosity, over the full primary redshift range of the 
survey (0.75 < z < 1.45). Due to the high spectral res- 
olution employed (R ~ 5000), this line can be detected 
down to relatively low star-formation rates (> 5 MQyr -1 
at z ~ 1). Of course, measurements of luminosities in the 
ultraviolet are sensitive to dust-extinction corrections, 
and the relationship between [O II] and star-formation 
rates should also depend on gas metallicities. However, 
using multiwavelength data o ver wide fields suc h as the 
Extended Groth Strip fEGS. [Davis et al.l [2007h . [O II] 
line luminosities have recently been calibrated against a 
variety of star-formation indicators out to intermediate 
redshifts, testing the impact of these effects and improv- 
ing the robustness of [O Hi star-formation r ate estimates 
(jMoustakas et al.ll2006t IWeiner et al.ll2007f) . 

In this paper, we utilize galaxy samples drawn from the 
SDSS and DEEP2 surveys to conduct a detailed study 
of the relationship between star formation and environ- 
ment at both z ~ and z ~ 1, using as closely equiv- 
alent samples and measurement techniques as possible. 
Our principal aim is to investigate the role of environ- 
ment in the global decline of the cosmic star-formation 
rate space density. In SJ21 we discuss the data samples 
employed along with our measurements of galaxy envi- 
ronments and star-formation rates. Our main results 
regarding the relationship between star formation and 
galaxy environment are presented in 321 and 3U In 33 
we detail possible sources of contamination. Finally, in 
31] and 33 we discuss our findings alongside other re- 
cent results and summarize our conclusions. Through- 
out this paper, we assume a flat ACDM cosmology with 
TO = 0.3, f?A == 0.7, w = —1, and h — 1 (that is, a 
Hubble parameter of Hq = lOOh km s _1 Mpc -1 ). 



2. THE DATA SAMPLES 



With spectra for nearly a million galaxi es, the Sloan 
Digital Sky Survey fSPSS. lYoTk et al.ll2000l) provides the 
most expansive picture of the large-scale structure and 
local environments of galaxies in the nearby Universe yet. 
To study star formation and its relationship with galaxy 
density at low redshift (z ~ 0.1), we select a sample of 
364,83 9 galaxies from the SPSS pub lic data release 4 
(DR4, lAdelman-McCarthv et al.l 1200(1) . as contained in 
the NYU Value-Add ed Galaxy Catalog (NYU-VAGC, 
iBlanton et al.|[2005b| ). We restrict our analysis to galax- 
ies in the redshift regime 0.05 < z < 0.1 in an effort 
to target the nearby galaxy population while probing 
a broad range in galaxy luminosity and simultaneously 
minimizing aperture effects related to the finite size of the 
SDSS fibers. In addition, we limit our sample to SDSS 
fiber plates for which the redshift success rate for targets 
in the main spectroscopic survey is 80% or greater. 

In turn, the recently-completed DEEP2 Galaxy Red- 
shift Survey provides the most detailed census of the Uni- 
verse at z ~ 1 to date. DEEP2 has targeted ~ 50, 000 
galaxies in the redshift range < z < 1.4 down to a limit- 
ing magnitude of Rab — 24.1. Consisting of four widely 
separated fields, the survey area covers ~ 3 square de- 
grees of sky or roughly 15 times the area of the full moon, 
with a total of > 25, 000 unique high-precision redshifts 
from z = 0.7 to z — 1.4. In this paper, we utilize a sub- 
set consisting of 15,987 galaxies with accurate redshifts 
(quality Q = 3 or Q = 4 as defined bv lDavis et al.ll2007f) 
in the range 0.75 < z < 1.05 and drawn from all four of 
the DEEP2 survey fields. The redshift distributions for 
the SDSS and DEEP2 galaxy samples used in this paper 
are plotted in Figure [TJ 

2.1. Measurements of Rest-frame Colors and 
Luminosities 

For both the SDSS and DEEP2 galaxy samples, we 
compute rest-frame U — B colors and absolute -B-band 
magnitudes {Mb) u sing the kcorrect K - correc tion code 
(version v4_l 2) of IBlanton fc Roweisl (|2007l see also 
IBlanton et al.ll2003h . The rest-frame quantities for the 
SDSS sample are derived from the apparent ugriz data 
in the SPSS DR4 , while CFHT 12K BRI photometry 
(|Coil et al.H2004a|) is used for the PEEP2 sample. All 
magnitudes within this paper are on the AB system 
(|Oke fe Gunnlll983l ) to the degree to which SPSS magni- 
tudes are AB (as the PEEP2 photometry was calibrated 
using SPSS). For conversions between AB and Vega mag- 
nitude s, we refer the reader to Table 1 of IWillmer et al.l 

ill). 

The distribution of SPSS and PEEP2 galaxies in U-B 
versus Mb color-magnitude space is shown in Figure 
2l As found by many pre vious studies (e.g., iBell et afl 
20041 : IWillmer et all 120061 ) . the galaxy colo r-magnitude 
diagram both at z ~ and at z ~ 1 exhibits a clear 
bimodality in rest-frame color, with a tight red sequence 
and a more diffuse "blue cloud" of galaxies. We use 
here the same magnitude-dependent cut to divide the 
red sequence and blu e cloud at z ~ 1 as employed by 
IWillmer et al.l (|2006h : this division in U — B color is 
shown in Figure [2] as the dashed red line and is given 

by 

U - B = -0.032(M B + 21.62) + 1.035. (1) 
For the SPSS sample, the red sequence is shifted red- 
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redshift redshift 

Fig. 1.— (Left) The observed redshift distribution for the 374,866 galaxies drawn from the SDSS within 0.01 < z < 0.3. (Right) The 
observed redshift distribution for the 24,827 DEEP2 galaxies within 0.65 < z < 1.25. Both redshift histograms are plotted using a bin size 
of Az = 0.01. The dashed vertical lines indicate the redshift ranges within each sample used for this paper. 




Fig. 2. — The rest-frame U — B versus Mb color-magnitude distributions for SDSS galaxies in the redshift range 0.05 < z < 0.1 (left) and 
for DEEP2 galaxies in the redshift range 0.75 < z < 1.05 (right). Due to the large number of galaxies in the each sample, we plot contours 
(rather than individual points) corresponding to 50, 150, 250, 400, 600, and 1000 galaxies per bin of A(U — B) = 0.05 and AMj = 0.1 for 
the SDSS, and corresponding to 50, 100, 150, 200, and 250 galaxies per bin of A(U - B) = 0.1 and AM B = 0.2 for DEEP2. Outside of the 
lowest contour levels, the individual points are plotted. The dashed red horizontal line shown in both plots illustrates the division between 
the red sequence and the blue cloud used at z ~ 1, following the relation given in Equation [T] The dotted red line in the left plot is shifted 
relative to the dashed line by A(U — B) = 0.14. 



ward relative to that of the DEEP2 data by approxi- 
mately 0.2 m agnitudes in U — B color (cf. Fig. [2] and 
Blanton 2006). This shift is consistent with the predicted 
evolution of an old, passively evolving stellar population, 
which should redden in U — B color by ~0.14 magnitude s 
from z ~ 0.9 to z ~ 0.1 (van Dokkum fc Franxll2001[ h 
The dotted red line in Fig. [2] is simply the DEEP2 divi- 
sion (given by Equation[T|) shifted by A({7 — E) = 0.14; 
it provides a relatively clean divide between the red se- 
quence and blue cloud at z ~ 0.1. We therefore use this 
shifted line to divide the two for the SDSS galaxy sam- 
ples. The blue population, as shown in Figure [2 evolves 
more with redshift than the red-sequence galaxies, with 
the blue cloud being roughly 0.2-0.3 magnitud es redder 
at z ~ relative to z ~ 1. Previous analysis by iBlantonl 
(2006) found this evolution in color between the SDSS 



and DEEP2 to be consistent with the global decline in 
the star-formation rate. For a more complete discussion 
of the evolution in the color-magnitude distribution of 
galaxies in SD SS and DEEP2, we direct the reader to 
IBlantonl ((20061) . 

2.2. Sample Selection 

As with most deep redshift surveys, the DEEP2 spec- 
troscopic targets span a broad range in redshift, but were 
selected according to a fixed apparent-magnitude limit. 
The DEEP2 R AB = 24.1 magnitude limit includes dif- 
ferent portions of the galaxy population (in rest-frame 
color-magnitude space) at different redshifts. To allow 
tests of how this selection effect could influence our re- 
sults, we employ a variety of subsamples from the full 
catalog of 15,987 DEEP2 galaxies in the redshift range 
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0.75 < z < 1.05 (which we define to be Sample DEEP2 
A). 

As d iscussed by iGerke et al.l ([2007) and ICooper et al.1 
(|2007l ). it is possible to produce volume-limited catalogs 
with a color-dependent absolute-magnitude cut by defin- 
ing a region of rest-frame color-magnitude space that is 
included by the survey at all redshifts of interest. For 
the DEEP2 survey, such a selection cut is illustrated in 
the top panel of Figure [3] and given by 



M cut (z,U-B) 



Q(z - Zlim) 

min {[a(U - 



B)+b], [c(U - B) + d]} , 

where zn m is the limiting redshift beyond which the se- 
lected sample becomes incomplete, a, b, c and d are 
constants that are determined by the limit of the color- 
magnitude distribution of the sample with redshift z > 
zi; m , and Q is a constant that allows for linear redshift 
evolution of the typical galaxy absolute magnitude, M B . 
For this para meter, we ad o pt a value of Q = —1.37, 
determined by iFaber et"aTI (|2007t ) from a study of the 
i?- band galaxy lum inosity fun ction in the COM BO- 
17 (iWolf et al.l[200lh DE EP1 (jVogt et al.ll2005h . and 
DEEP2 (|Davis "eTalll^OOl surveys. Varying our choice 
of Q by as much as ~ 40% has a negligible effect on our 
results. 

By including this linear M B evolution in our selection 
cut, we are selecting a similar population of galaxies with 
respect to M B at all redshifts. Adopting this approach, 
with a limiting redshift of zij m = 1.05, we define a sample 
of 12,198 galaxies (Sample DEEP2-B) over the redshift 
range 0.75 < z < 1.05 that is volume limited relative to 
M B and selected according to a color-dependent cut in 
Mb- The values of the constants a, 6, c, and d which 
define the color-dependent selection are —1.6, —18.65, 
—2.55, and —17.7, respectively. For comple te details of 
the se lection method, we refer the reader to IGerke et al.l 
(|2007h . 

A somewhat simpler selection method is to produce 
a subsample that is volume-limited relative to M B ac- 
cording to a color-independent cut in absolute magni- 
tude. We create such a sample (Sample DEEP2-C) by 
restricting to 0.75 < z < 1.05 and requiring 



M B {z) < -20.6 + Q(z-z lim ), 



(3) 



where Mb = —20.6 is the absolute magnitude to which 
DEEP2 is complete along both the red sequence and the 
blue cloud at zu m — 1.05 (cf. the top panel of Figure [3|). 
A brief summary of all galaxy samples utilized in this 
paper is provided in Table [TJ 

To facilitate the comparison of trends with local en- 
vironment at z ~ 0.1 to those at z ~ 1, we select sub- 
samples drawn from the SDSS which mimic the DEEP2 
survey subsamples detailed above. While both the SDSS 
and DEEP2 spectroscopic targets are selected according 
to an apparent-magnitude limit in a red optical band 
(r < 17.77 and R < 24.1, respectively), this band falls in 
a very different part of the spectrum in the rest-frame 
at the two redshift ranges probed. At z ~ 0.1 the cen- 
ter of the SDSS r passband corresponds to a rest-frame 
wavelength of 5605A, whereas at z ~ 1 the CFHT R 
passband employed by DEEP2 samples a portion of rest- 
frame wavelength space centered on roug hly 3300A, well 
into the ultraviolet. As a result, the DEEP2 sample is 
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Fig. 3. — (Top) The rest— frame color— magnitude diagram for 
all DEEP2 galaxies in the redshift range 1.025 < z < 1.075. The 
black dotted vertical line defines the color-independent complete- 
ness limit of the DEEP2 survey at z = 1.05, providing the absolute- 
magnitude limit used for Sample DEEP2-C. To this limit, DEEP2 
is complete for galaxies of all colors at z < 1.05. The black dashed 
line defines the completeness limit of the DEEP2 survey as a func- 
tion of rest— frame color at redshift z = 1.05 and corresponds to 
Equation [2] (Bottom) The rest— frame color-magnitude diagram 
for all SDSS galaxies in the redshift range 0.095 < z < 0.105. The 
dotted and dashed black vertical lines follow the corresponding lim- 
its from the top panel, allowing for evolution in Mi as given in 
Equation [2] and Equation [3] The dashed red line in each plot indi- 
cates our division between the red sequence and the blue cloud, as 
given by Equation [T] Due to the large number of galaxies in the 
SDSS sample, we plot contours corresponding to 20, 40, 60, 80, 
and 100 galaxies per bin of A(U — B) = 0.05 and AM B = 0.1. 

biased towards blue (in rest-frame U — B color) galaxies 
relative to the SDSS data set; in fact, DEEP2 probes to 
much fainter luminosities on the blue cloud (relative to 
L* B ) than the SDSS sample, as shown in Figure [31 For 
this reason, we are unable to define an SDSS subsample 
that totally matches the DEEP2-B sample. 

However, we can define two subsamples drawn from 
the full SDSS data set of 132,367 galaxies at 0.05 < z < 
0.1 (Sample SDSS-A) which complement the DEEP2- 
C sample. First, we select an SDSS subsample (Sample 
SDSS-B) that adheres to the same selection limit as the 
DEEP2-C galaxy sample. That is, we define an SDSS 
sample that is volume-limited relative to M B , according 
to the color-independent cut in absolute magnitude given 
in Equation [3l 

Within both the SDSS and DEEP2 galaxy catalogs, 
the bimodality of galaxy colors in rest-frame U — B color 
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TABLE 1 

Descriptions of the SDSS and DEEP2 Galaxy Samples 



Sample Ataxic 



edge— cut 



Af S FR 2 range 



Brief Description 



DEEP2-A 15,987 12,240 

DEEP2-B 12,198 9,346 

DEEP2-C 4,387 3,349 

SDSS-A 132,367 122,577 

SDSS-B 61,413 57,051 



11,875 0.75 < z < 1.05 all galaxies after boundary cut 



9,067 



3,178 



0.75 < z < 1.05 



0.75 < z < 1.05 



color-dependent limit, with limit held constant rela- 
tive tO Mg(z) 

color-independent limit, with limit held constant rel- 
ative to Mg(z) and set as M B = -20.6 at z = 1.05 



120,636 0.05 < z < 0.1 all galaxies after boundary cut 
56,118 0.05 < z < 0.1 



color-independent limit, with limit held constant rel- 
ative to Mg(z) and set as M B = -20.6 at z = 1.05 



SDSS-C 42,991 



color-independent limit, with limit held constant rel- 
39,978 39,254 0.05 < z < 0.1 ative to M* B (z) and set as M B = -20.6 at z = 1.05; 

matched to DEEP2 red fraction 

Note. — We list each galaxy sample employed in the analysis, detailing the selection cut used to define the sample as 
well as the redshift range covered and the number of galaxies included before {N^i^^) and after (A r e( j go _ cut ) removing 
those within 1 h^ 1 comoving Mpc of a survey edge. The number of galaxies with an accurate SFR measurement and 
away from a survey edge is given by Nq-pk- 



is clearly visible (cf. Fig. [2] and Fig. [3]). To quantify 
the composition of the SDSS and DEEP2 data sets in 
terms of red and blue galaxies, we compute the fraction 
of galaxies on the red sequence in each survey sample 
using the color divisions defined above (cf. Equation [TJ 
offset by 0.14 magnitudes for the SDSS as described in 

Studies of the galaxy luminosity function at z < 1 
have shown that the number density of galaxies on the 
red sequence has increased over the last 7 Gyr, yielding 
an increase in the red galaxy luminosity densit y of > a 
factor of 2 ([Bell et al.ll200l iFaber et al.ll2007h . Mean- 
while, the luminosity and number density of galaxies on 
the blue cloud has remained roughly constant (especially 
relative to that of the red sequence) over the same times- 
pan. 8 Thus, the relative fractions of red and blue galax- 
ies in magnitude-limited samples will vary with redshift. 
Using the divisions between red and blue galaxies de- 
fined above, the fraction of galaxies which are on the 
red sequence in samples DEEP2-C and SDSS-B is 0.39 
and 0.56, respectively. Because red-sequence galaxies 
are forming few stars, we might expect the overall av- 
erage SFR in galaxies in the SDSS to be lower simply 
due to this greater fraction of quiescent galaxies, rather 
than through a modulation of the rate in star-forming 
objects. 

To select a sample from the SDSS that is more analo- 
gous to the DEEP2-C sample (i.e., yielding an equivalent 
red fraction down to the common magnitude limit), we 
randomly throw out red galaxies from SDSS-B. The re- 
sulting sample (SDSS-C) contains 42,991 galaxies with 
a distribution of rest-frame colors comparable to that 
of DEEP2-B, as shown in Figure |U and a red fraction 
of 0.39. We have not required the SDSS galaxies to 
follow the same absolute-magnitude distribution as the 
DEEP2-C sample. However, the dependence of the frac- 

8 There is some debate within the community regarding the evo- 
lution in the number density of blue galaxies at intermediate and 
low redshift. Parallel studies of the luminosity and stellar mass 
functions at z < 1 have found significant evolu tion in the number 
density of bright (massive), blue galaxies (e.g.. lEundv et aT]|2006l ; 
IZucca et aTllaM ). 



tion of red (or blue) galaxies on M b—M b in the SDSS-C 
and DEEP2-C samples are very similar (as shown in Fig- 
ure [5]) , with blue galaxies dominating at faint luminosi- 
ties and with blue and red populations each comprising 
roughly half of the population at the bright end of the 
Mb distribution. A summary of both the DEEP2 and 
SDSS galaxy samples is provided in Table [T] 

2.3. Measurements of Local Galaxy Environment 

For the purposes of this paper, we consider the "envi- 
ronment" of a galaxy to be defined by the local mass over- 
density, measured using the local overdensity of galaxies 
as a proxy; over quasi-linear reg imes, these s hould differ 
by a factor of the galaxy bias (Kaiser 1987). We esti- 
mate this overdensity for both the SDSS and DEEP2 us- 
ing measurements of the projected 3 rd -nearest-neighbor 
surface density (S 3 ) about each galaxy, where the sur- 
face density depends on the projected distance to the 
3 rd -nearest neighbor, -D Pl 3, as S3 = 3/(irDp 3 ). In com- 
puting S3, a velocity window of ±1000 km/s is employed 
to exclude foreground a nd background galaxi es along the 
line-of-sight. Tests by ICooper et al.l (|2005h found this 
environment estimator to be a robust indicator of local 
galaxy density for the DEEP2 survey. 

To correct for the redshift dependence of the sampling 
rate of both the SDSS and the DEEP2 surveys, each sur- 
face density value is divided by the median S3 of galax- 
ies at that redshift within a window of Az = 0.02 and 
Az = 0.04 for the SDSS and DEEP2, respectively; this 
converts the S3 values into measures of overdensity rela- 
tive to the median density (given by the notation 1 + £3 
here) and effectiv ely accounts for re dshift variations in 
the selection rate ()Cooper et al.| [2005') . In computing the 
local environment for galaxies in our targeted redshift 
ranges (0.05 < z < 0.1 for the SDSS and 0.75 < z < 1.05 
for DEEP2), we included sources at lower and higher 
redshifts as tracers of the galaxy distribution to avoid 
edge effects due to redshift limits; similarly, the smooth- 
ing windows for calculations of median S3 include tracers 
outside the sample z limits. 

Finally, to minimize the effects of edges and holes in 
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Fig. 4. — The relative distribution of rest-frame U — B colors for 
the galaxy subsamples listed in Table[T] By randomly excluding red 
galaxies from the SDSS sample, we are able to define a subsample 
(SDSS— C) with a red-galaxy fraction comparable to that of the 
DEEP2-C sample. The plotted histograms have been normalized 
to have equal area. 




0.0 I , , J 

1 -1 

M B - M B -(z) 

Fig. 5. — The fraction of red galaxies as a function of B-band ab- 
solute magnitude [relative to M B (z)\ for the SDSS-C (open black 
squares) and DEEP2-C (filled red circles) samples (i.e., the galaxy 
samples constructed to have color— independent Mb cuts and equiv- 
alent aggregate red-galaxy fractions). The red galaxy population 
is selected in each survey sample using the color divisions defined 
by Equation [T] offset by 0.14 magnitudes for the SDSS, with the 
error in the red fraction given by binomial statistics. We assume 
an evolution of 1.37 magnitudes per unit rcdshi ft (Q = — 1.37) in 
M B (z), with M* B (z = 0.9) = -21.48 from lWillmer et al.l ll200a) . 

the SDSS and DEEP2 survey geometries, we exclude 



all galaxies from our SDSS and DEEP2 samples within 
1 h^ 1 Mpc (comoving) of a survey boundary, reducing 
our sample sizes to the numbers given in Table [TJ In 
Figure El we plot the distribution of overdensities for 
the SDSS-A and DEEP2-A samples, after these edge 
cuts. For complete details regarding the computation of 
the local envi r onme nt measures, we direct the reader to 
ICooper et ail (|2006l ). 
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Fig. 6. — The distribution of the logarithm of the local overden- 
sities, log 10 (1 + <53), for the DEEP2 and SDSS samples. We plot 
the environment distributions for the 12,240 DEEP2 galaxies with 
0.75 < z < 1.05 and more than 1 h^ 1 comoving Mpc from a survey 
edge (solid line) along with that for the 132,367 SDSS galaxies with 
0.05 < z < 0.1 and more than 1 h~ 1 comoving Mpc from a survey 
edge (dashed line). The overdensi ty, (1 + £3), is a dimensionless 
quantity, computed as described in i|2.3l Here, we scale the DEEP2 
and SDSS histograms so that their integrals are equal. 

The overdensity distributions for the SDSS and 
DEEP2, as shown in Fig. [SJ differ for several reasons. 
The first is simply the nonlinear growth of large-scale 
structure over time: a dense region on nonlinear scales 
will be denser at z ~ than at z ~ 1, while a void will 
be less dense today than in the past. A second reason is 
that the average bias of the overall SDSS sample used as a 
tracer of density is higher than the overall DEEP2 s ample 
(|Zehavi et al.ll200l l2005t iCoil et al.ll2004bl [2006h : this 
will cause density contrasts measured with galaxies to 
be exaggerated in the SDSS compared to DEEP2. 

A third cause for the differences in these distributions 
is that we are using the projected 3 rd -nearest-neighbor 
distance, -Dp. 3 to measure overdensity in both samples; 
but because the number density of the SDSS sample used 
to trace environment is higher than in DEEP2, the typ- 
ical D Pj 3 for the SDSS is smaller (~ 1 h^ 1 comoving 
Mpc) than for a DEEP2 galaxy (~ 1.8 h^ 1 comoving 
Mpc). Hence, in the SDSS, we are measuring overdensi- 
ties on so mewhat smaller, mor e highly nonlinear scales. 
However. iBlanton et all (|2006l ) found that in the SDSS, 
environments measured on scales from 0.2 to 6 hr 1 Mpc 
yield equivalent results; we therefore do not expect this 
to be a major issue. 

All of these effects operate in the same sense, exag- 
gerating the density contrasts measured in the SDSS. 
However, none of them should change the rank order- 
ing of overdensities. In this paper, we focus on changes 
in the general relationships between environment and 
galaxy properties (namely, star-formation activity) be- 
tween z ~ and z ~ 1; this requires only that we have 
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an accurate measure of relative environment at each red- 
shift. The (1 + S3) values provide such a tracer of local 
galaxy density at both epochs. 

2.4. Measurements of Star-Formation Rates 

We estimate the global star-formation rates for galax- 
ies in both the SDSS and DEEP2 samples using mea- 
sured [O II] A3727A nebular line l uminosities, cor- 
rected using the empirical calibration oflMoustaka s et al.l 
(2006). Although this calibration was developed by tun- 
ing [O II] -derived star-formation rates (for dust extinc- 
tion and metallicity) to match those based on extinction- 
corrected Ha and far-infrared emission using multiwave- 
length observations of nearby galaxies, the results have 
been tested and proven effective at intermediat e red- 
shifts (0.7 < z < 1.4) (jMoustakas et all l2006t ). As 
will be shown in t j5.31 however, the results presented 
in this paper are not sensitive to the particular cali- 
bration employed. Using star-formation rates derived 
with l/2x or 2 x the luminosity-dependence given by 
iMoustakas et al.l ((2006), accounting for a wide range in 
possible dust and meta llicity ef fects, using the cali bra- 
tions of iKennicuttl (|1998| ) a nd IWeiner et alJ (12007T) . or 
using the SFR estimates of iTremonti et al.l (|2004T ). we 
find that our results regarding the relationships between 
star formation, color, and environment at z ~ 0.1 and 
z ~ 1 remain unchanged. For both the SDSS and 
DEEP2 galaxy samples, all estimated star-formation 
rates are given in units of ft,~ 2 M Q yr~ 2 . As noted in 
Table [TJ a small number of objects in both the SDSS 
and DEEP2 were rejected from the galaxy samples due 
to large uncertainties in their measured [O II] line fluxes 
(o- [0 ii] > 500 x 10~ 19 ergs-^m 2 ). 

For the DEEP2 sample, we measure [O II] equiva- 
lent widths using a nonlinear least-squares fit to the 
observed emission lines in the DEEP2/DEIMOS spec- 
tra, using a model given by two Gaussians of the same 
width (a) , centered at the known rest-frame wavelengths 
of the two components of the doublet. The continuum 
level is estimated from the biweight of the continuum 
in two windows, 15-60A away from the emission line in 
the rest-frame. The observed R — I color and I mag- 
nitude for each galaxy is used to estimate its contin- 
uum lu minosity at 3727A v ia the K-correction proce- 
dure of lWillmer et alJ (|2006f ). Combined with the mea- 
sured [O II] equivalent width, this yields a flux-calibrated 
line luminosity. The line luminosities are then trans- 
formed into star-formation rates using a correction fac- 
tor based upon the galaxy's B-band absolute magnitude, 
as g iven by a linear interpo lation of the values in Table 
2 of Moustakas ct al. ( 2006) ; we test the impact of using 
other conversions in N5.31 For complete details regarding 
the comput ation of [O II] emiss ion-line luminosities in 
DEEP2, see IWeiner et all (|2007t ). 

We estimate the [O II] luminosities for SDSS galaxies 
by measuring the total observed line flux in the spectrum. 
This gives the [O II] luminosity integrated over the area 
covered by the SDSS fiber, which might be an underesti- 
mate of a galaxy's true total [O II] luminosity, given the 
limited angular size of the SDSS fibers. Alternatively, we 
can estimate the true total [O II] luminosity by combin- 
ing a measurement of the [O II] equivalent width with the 
K-corrected w-band absolute magnitude (i.e., assuming 
that the ratio of [O II] flux to u flux is uniform across 



the entire galaxy) . This yields a significantly less precise 
measure of the [O II] luminosity, due to the high noise 
level in SDSS u-band photometry. Nevertheless, if we 
were to adopt these noisier SFR estimates, none of our 
conclusions would be changed. 

We measure the [O II] line flux for SDSS galaxies in 
a 22A window around the line after removing all stellar 
continuum features from the spectra. The stellar con- 
tinua around 3727A are very bumpy and would introduce 
systematic [O II] flux offsets if not accurately s ubtracted. 
The su btraction procedure used is described in lYan et al.l 
we summarize here. After subtracting off the con- 
tinuum of the spectrum smoothed over a broad window, 
the stellar continuum is fit to a linear combination of 
two stellar populat ion templates produced w ith Bruzual 
& Chariot models (jBruzual fc CharloHl2003h , again with 
their broad continuum components subtracted. One 
template is the spectrum of a 7-Gyr-old simple stellar 
population, while the other corresponds to a 0.3-Gyr-old 
starburst of duration 0.1 Gyr (i.e., a starburst commenc- 
ing 0.4 Gyr in the past). This combination of templates, 
each constructed with solar metallicity, has proven ad- 
equate to accurately describe the wiggles in the contin- 
uum near [O II] for most galaxies in the SDSS. With the 
stellar continuum features removed, we measure the line 
flux in the remaining, emission-line only spectrum. The 
uncertainties in this continuum subtraction have been 
propagated into our error estimates for [O II] fluxes. 

2.5. Measurements of Stellar Masses 

Stellar masses for the SDSS galaxies w ere determined 
using the kcorrect K-correction code of iBlanton et al.l 
(2003). The te mplate SEDs employed by kcorrect are 
based on those of lBruzual fc Chariot) (pOOah : the best-fit 
SED given the observed ugriz photometry and spectro- 
scopic redshift can be used directly to es timate the stellar 
mass-to-light ratio (M*/L), assuming a lChabrierl (|2003l ) 
initial mass function. 

For a portion of the DEEP2 galaxy catalog, stellar 
masses may be calculated using WIRC/Palomar J- and 
ii's-band photometry in con junction with the DEEP2 
BRI data (|Bundv et al.ll2006D . The observed (BRIJK S ) 
SED of each ^-detected ga laxy is compared to a gri d 
of 13440 synthetic SEDs from lBruzual fc Charlotl (|2003h . 
which span a range of star-formation histories , ages , 
metallicities, and dust content, and use a I Chabrieri (2003) 
initial mass function (|Bundv et al.l l2005f T From fits to 
the grid of models, a stellar-mass probability distribu- 
tion is obtained after scaling each model's M*/£k ratio 
to the total K s magnitude and marginalizing over the 
grid. The median of this distribution is taken as the 
stellar mass estimate (|Bundv et al.ll2006j ) . 

The _fT s -band photometry, however, does not cover the 
entire area of the DEEP2 survey, and often faint blue 
galaxies at the high-z end of the DEEP2 redshift range 
are not detected in K s . Becaus e of th ese two effects, 
the stellar masses of lBundv et al.l (|2006l ) have been used 
to calibrate stellar mass estimates for the full DEEP2 
sample that are based on combining rest-frame Mr and 
B-V derived from the DEEP 2 data (Lin et al.l2007h into 
the expressions of lBell et all ([200l . which use a "diet 
Salpeter" IMF and are valid at z = 0. W e empirically 
correc t these stellar mass estimates to the iBundv et alJ 
( 2006) measurements by accounting for a mild color and 



8 



Cooper et al. 



rcdshift dependence (|Lin et al. 2007); where they over- 
lap, the two stellar masses have an RMS difference of 
approximately 0.3 dex after this recalibration. 

We note that while rest-frame -B-band emission is 
more sensitive to the presence of young stars than redder 
bands, there is still a strong correlation between stellar 
mass and absolute S-band magnitude in both the SDSS 
and DEEP 2 samples. As shown in Figure [7] and Figure 
[HI the RMS difference between M» and Mb is roughly 0.5 
dex; these differences are strongly correlated with rest- 
frame galaxy color. 

By combining the measurements of total SFR and stel- 
lar mass estimates described above, we can compute the 
specific star-formation rate (sSFR) for each galaxy in 
the SDSS and DEEP2 samples. The sSFR describes the 
fractional rate of stellar mass growth (sSFR = SFR/M*) 
in a galaxy due to ongoing star formation. The sSFR 
has units of inverse time; for this reason, galaxies with 
low specific star-formation rates are said to have long 
star-formation timescales and vice versa. 

3. RESULTS 

Because it is expected that the local environment of 
a galaxy should influence its properties (such as star- 
formation rate), it is common to study those properties 
as a function of environment. Since our tracers of en- 
vironment are generally sparse, however, measurements 
of galaxy densities are generally significantly more un- 
certain than measures of most other properties such as 
color, luminosity, or even SFR. Therefore, binning galax- 
ies according to local overdensity introduces a significant 
correlation between neighboring environment bins, which 
can smear out any underlying trends. In this paper, 
we study both the dependence of mean environment on 
galaxy properties and vice versa: the former minimizes 
covariance, while the latter eases comparison to other 
studies. Throughout [J3j we show results for the SDSS-A 
and DEEP2-A samples, which probe the greatest range 
in luminosity and have the largest sample sizes. How- 
ever, the qualitative relationships between environment 
and star formation for each of the galaxy subsamples in 
Table Q] are consistent with each other, with the normal- 
ization and strength of the trends varying amongst them 
(cf. Table [2] and Table [3|) . We present our principal re- 
sults in this section; these results will be interpreted in § 
[4] and the remainder of the paper. 

3.1. The sSFR-density relation at z ~ 0.1 and z ~ 1 

The connection between specific star-formation rate 
and environment at z ~ has been explored by a num- 
ber of previous studies utilizing samples drawn from 
the SDSS or other catalogs of nearby galaxies (e.g., 
Lewis et all 120021 ; iGomez et all 120031: iKauffmann et al.l 
20041) . In agreement with these earlier analyses, we find 
that galaxies with lower specific star-formation rates, on 
average, favor regions of higher galaxy density at z ~ 0.1 
(cf. Figure Hi). 

Using the DEEP2 data set to study galaxy properties 
at z ~ 1, we find that the dependence of mean environ- 
ment on sSFR, as found in the SDSS-A sample, is echoed 
in the DEEP2-A sample. As shown in Figure El galaxies 
with longer star-formation timescales (i.e., lower specific 
star-formation rates) favor regions of higher galaxy den- 
sity at both z ~ 0.1 and z ~ 1. 



TABLE 2 
Fits to sSFR-density Relation 



Sample 




a® 


ai 


<Ja 




DEEP2- 


A 


-8.84 


-0.060 


0.013 


0.020 


DEEP2- 


B 


-8.81 


-0.067 


0.011 


0.017 


DEEP2- 


C 


-9.05 


-0.067 


0.007 


0.011 


SDSS-A 




-10.24 


-0.128 


0.024 


0.036 


SDSS-B 




-10.31 


-0.124 


0.023 


0.033 


SDSS-C 




-10.19 


-0.087 


0.024 


0.035 



Note. — We list the coefficients and lcr 
uncertainties for the parameters of the linear- 
regression fits to the sSFR— density relation 
given by log 10 (< sSFR >) = a% * log 10 (l + 
^3 ) + 10 (cf • Fig. I10|l , for all galaxy samples 
used. For details r egar ding the various galaxy 
samples, refer to £|2.2I and Table 111 

The same general trend is found when we examine the 
connection between sSFR and environment from the op- 
posite perspective. Figure [IJJ shows the dependence of 
the mean galaxy sSFR on local overdensity in the SDSS- 
A and DEEP2-A samples. We find that, at z - 0.1 and 
at z ~ 1, galaxies residing in regions of higher density 
generally have lower specific star-formation rates. Mov- 
ing to higher-density environments at z ~ 0.1 and at 
z ~ 1, the average specific star-formation rate declines 
monotonically such that members of clusters and mas- 
sive groups, as a population, exhibit the longest star- 
formation timescales (or the lowest fractional rate of stel- 
lar mass growth). 

All of the SDSS and DEEP2 samples described in SgJ 
exhibit a highly significant anticorrelation between spe- 
cific star-formation rate and galaxy environment. Table 
[2] lists the coefficients from linear-regression fits to the 
dependence of mean sSFR on overdensity in each galaxy 
sample. The fits to the SDSS-A and DEEP2-A sam- 
ples are shown in Figure [10] as the dashed red lines. The 
slopes of the trends between mean sSFR and overden- 
sity for each of the SDSS and DEEP2 subsamples agree 
within the uncertainties. Variations in normalization be- 
tween subsamples are associated with differences in sam- 
ple selection and galaxy evolution at z < 1; these effects 
are examined in more detail in $6] 

3.2. The SFR-density relation at z ~ 0.1 and z ~ 1 

As shown in Figure [TTk. we find that for SDSS-A, the 
mean SFR of galaxies in the sample decreases in regions 
of higher overdensity, mimicking the sSFR-density rela- 
tion observed both at z ~ 0.1 and at z ~ 1. In stark 
contrast, the mean SFR increases with local galaxy den- 
sity at z ~ 1, an inversion of the local relation (cf. Fig. 
Et)- For each of the SDSS and DEEP2 samples, we 
find similar results to those shown in Figure [TTJ Table 
[3] provides the coefficients from linear-regression fits to 
the dependence of mean SFR on galaxy overdensity in 
each subsample described in ^2.21 The fits to the SDSS- 
A and DEEP2-A samples are illustrated in Fig. [IT] as 
dashed red lines. While the DEEP2-C sample yields no 
detectable correlation between mean SFR and environ- 
ment, within the DEEP2-C sample we would have de- 
tected the same trend as seen in the SDSS-C sample at 
a ~ 10<7 level, given measurement errors. 

Examining the dependence of mean environment on 
SFR, we find additional evidence that the relationship 
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Fig. 7. — The relationship between stellar mass and absolute B-band magnitude for galaxies in the SDSS— A (left) and DEEP2-A 
(right) samples. There is a strong correlation between Mg and M, in both galaxy samples. The contours correspond to 50, 150, 300, 500, 
750, 1000, and 1500 galaxies per bin of A(log 10 A/») = 0.15 and AM B = 0.1 (left) and 50, 150, 300, 500, and 1000 galaxies per bin of 
A(log 10 M t ) = 0.3 and AM B = 0.2 (right). 
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Fig. 8. — The mean stellar mass as a function of galaxy color, U — B, and absolute magnitude, Mb, for galaxies in the SDSS— A (left) 
and DEEP2-A (right) samples. The means are computed in a sliding box, illustrated in the corner of each plot, with width AMj = 0.2 
and height A(U — B) = 0.1. Darker areas in the image correspond to regions of higher average stellar mass in color-magnitude space with 
the scale given by the corresponding inset color bar. The contours in both plots correspond to levels of < log 10 (M») >=9, 9.5, 10, and 
10.5. At regions where the sliding box includes fewer than 20 galaxies, the mean stellar mass is not displayed. The dashed lines in each 
plot show the color— dependent, absolute-magnitude selection cut (cf. Equation used in denning sample DEEP2-B. 



between star-formation activity and local environment 
at z ~ 1 was dissimilar from that observed at z ~ 
0.1. In the local Universe, the mean galaxy overdensity 
smoothly decreases for galaxy populations with higher 
star-formation rates, as shown in Figure 112b . At higher 
redshift, however, the dependence of mean overdensity on 
SFR is considerably more complicated (cf. Fig.fT^b). and 
is not a simple remapping of Fig. II lb . While the mean 
SFR for galaxies at z ~ 1 monotonically increases with 
increasing overdensity, the dependence of mean environ- 
ment on SFR at z ~ 1 is a more complex, non-monotonic 
relation. This striking difference in the relationship be- 



tween galaxy properties and environment at z ~ 1 and 
at z ~ 0.1 requires explication. 

4. INTERPRETING THE RESULTS 

To have any hope of accurately characterizing the role 
of environment in the cosmic star-formation history, we 
must understand the differences between our results at 
z ~ 1 and the corresponding relations at z ~ 0.1. We 
begin by exploring the relationship between sSFR and 
environment, which shows qualitative agreement at low 
and intermediate redshifts. 

4.1. Understanding the sSFR-density relation at z < 1 
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Fig. 9. — The relationship between mean environment and sSFR at z ~ 0.1 in the SDSS (left) and at z ~ 1 in DEEP2 (right). We plot 
the mean and the error in the mean of the logarithm of the local galaxy overdensity in discrete bins of sSFR (square points). The solid 
black lines show the mean dependence of environment on sSFR, where the means were computed using sliding boxes with widths given by 
the black dashes in the plot. The accompanying grey regions correspond to the sliding la uncertainties in the means. 
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TABLE 3 
Fits to SFR-density Relation 



Fig. 10. — The dependence of mean sSFR on environment at z ~ 0.1 in the SDSS (left) and at z ~ 1 in DEEP2 (right). We plot the 
logarithm of the mean and of the error in the mean of the sSFR in discrete bins of galaxy overdensity within the SDSS— A and DEEP2-A 
samples. The dashed red line in each plot shows a least-squares linear-regression fit to the data points, with coefficients of the fits given 
in Table [2] 

The sSFR-density relations at z ~ 0.1 and at z ~ 
1 can be explained by the same fundamental physi- 
cal phenomena that drive th e color-density relati on at 
z < 1. As first shown by iCooper et all ([2006), the 
general form of the color-den sity relation, as measured 
locally (|Blanton et al.1 l2005al) . was already established 
when the Universe was half its present age, with red 
galaxies, on average, favoring regions of higher den- 
sity relative to their blue counterparts. This strong 
effect, which is well studied at low and intermedi- 
ate redshift (e.g., iHpggjFa l. 2003; Balogh et aH|2004& 
Nuiiten et al. 2005; [Baldrv et all 2006; Wcin mann et al.l 



Sample 




a 


Ol 


<T ao 




DEEP2- 


A 


0.99 


0.046 


0.003 


0.005 


DEEP2- 


13 


1.07 


0.034 


0.003 


0.005 


DEEP2- 


C 


1.23 


0.004 


0.005 


0.008 


SDSS-A 




-0.29 


-0.108 


0.004 


0.005 


SDSS-B 




-0.16 


-0.117 


0.005 


0.007 


SDSS-C 




-0.06 


-0.082 


0.005 


0.008 



Note. — We list the coefficients and la- 
uncertainties for the parameters of least- 
squares linear— regression fits to the SFR- 
density relation given by log 10 (< SFR >) = 
ai * log 10 (l + <5 3 ) + a (cf. Fig. [TTJ, for all 
galaxy samples used. For details r egard ing 
the various galaxy samples, refer to i|2,2l and 
Tabic □] 



2006f ). likely results from the quenching of star formation 



occurring more efficiently in regions of higher galaxy den- 
sity. Many physical processes, from ram-pressure strip- 
ping to galaxy mergers, naturally produce such a connec- 
tion between the star-formation history of a galaxy and 
its local environment (for a more complete discussion of 
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Fig. 11. — The dependence of mean SFR on environment at z ~ 0.1 (left) and at z ~ 1 (right). We plot the logarithm of the mean SFR 
and of the error in the mean SFR in discrete bins of galaxy overdensity within the SDSS-A and DEEP2-A samples. The dashed red line 
in each plot shows a linear— regression fit to the data points, with coefficients of the fits given in Table [3] Note that the star-formation rate 
(SFR) is given in units of h~ Mq/jt. 




Fig. 12. — The dependence of the mean environment on SFR in the SDSS-A (left) and DEEP2-A (right) samples. We plot the mean and 
the error in the mean of the logarithm of the local galaxy overdensity in discrete bins of SFR (square points). The solid black lines show 
the mean dependence of environment on SFR, where the means were computed using sliding boxes with widths given by the black dashes 
in the plot. The accompanying grey regions correspond to the sliding la uncertainties in the means. Note that the mean star— formation 
rate is given in units of h~ M0/yr. 

likely mechanisms, see lCooper et al.ll2006[ ). 

To illustrate the connection between the sSFR-density 
and color-density relations, it is essential to understand 
the relationship between sSFR and rest-frame color at 
z < 1. The specific star-formation rate measures the 
marginal rate of ongoing star-formation activity in a 
galaxy. On the other hand, rest-frame U — B color is 
a tracer of a galaxy's star-formation history on roughly 
Gyr timescales. Although galaxy color and sSFR mea- 
sure star-formation activity on different timescales, Fig- 
ure [13] shows that there is a close relationship between 
the two galaxy properties at z ~ 0.1 and particularly 
at z ~ 1 (where U — B colors are better determined). 
All of the highest-sSFR galaxies are blue, while redder 
galaxies have longer star-formation timescales. Because 
of the differences in timescales probed by [O II] emission 
(i$ 10 7 years) and the color of stellar populations, the 



tightness of this relationship at z ~ 1 suggests that the 
DEEP2 sample is dominated by galaxies with a smoothly 
evolving star-formation rate, rather than undergoing a 
series of brief, viole nt star-formation episodes (see also 
iNoeske et afll2007bD . 

The connection between sSFR and color is even more 
striking in Figure I14[ where we present the mean sSFR 
as a function of U — B color and absolute magnitude, 
Mb- Both locally and at intermediate redshift, the mean 
galaxy sSFR is nearly independent of luminosity at fixed 
color. Along the red sequence at z ~ 0.1, there is some 
dependence on absolute magnitude, such that sSFR is 
lower in brighter red galaxies. This magnitude depen- 
dence is partially responsible for the greater scatter in 
the correlation between sSFR and U — B color in Fig. 
[13b (relative to Fig. [T3b): the much larger uncertainties 
in SDSS U — B colors, compared to DEEP2, is also im- 
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Fig. 13. — The relationship between log 1( ,(sSFR) and rest— frame 
mean square points and the error in the mean grey region of log 10 ( 
the median relation in the same sliding bins. 

portant. Galaxies in the most massive clusters in the 
SDSS, w hich are too rare to be probed significantly by 
DEEP2 (|Gerke et al.ll2005D . may also influence the gra- 
dient in mean sSFR along the red sequence at z ~ 0.1. A 
number of physical processes which are expected only to 
be significant in such extreme environments can strip gas 
from cluster members, thereby cutting off star formation. 
Furthermore, clusters are often home to the most mas- 
sive red-sequence galaxies, which bias the luminous red 
galaxy population to low sSFR. Another source of scatter 
between specific star-formation rates derived from [O II] 
emission and rest-frame color along the red sequence is 
the higher rate of AGN/LINER activity among the red- 
sequence population. This point is discussed in more 
detail in fOl 

The steepening of the relationship between mean envi- 
ronment and sSFR (cf. Fig. \§§ at very low specific star- 
formation rates can also be understood in terms of the 
color-density relation. At log 10 (sSFR) < —10.5 yr _1 
in the SDSS and log 10 (sSFR) < -9 yr" 1 in DEEP2, 
the sSFR-density relation increases in strength such that 
the mean overdensity rises dramatically for galaxies with 
longer star-formation timescales. At these very low spe- 
cific star-formation rates, the SDSS and DEEP2 sam- 
ples transition from being dominated by blue galax- 
ies to members of th e red sequence (cf. F ig. IT3|) . As 
sho wn in Figure 5 of ICooper et al.l (|2006f ) and Figure 
2 of iBlanton et alj (|2005al) . the average overdensity ex- 
hibits a similarly sharp rise at the transition from the 
blue cloud to the red sequence. This relatively strong 
change from a blue galaxy population with short star- 
formation timescales typically residing in environments 
near the mean cosmic density, to a red population with 
low specific star-formation rates commonly located in 
higher-density regions, indicates that local environment 
plays a central role in the truncation of star formation in 
galaxies at z < 1. 

Considering previous studies of galaxy properties at 
< z < 1, the close connection between environment, 
color, and sSFR is not particularly surprising. From a 
study of [O II] equivalent width, which roughly traces 
sSFR, in clusters and field samples at slightly lower red- 



color in the SDSS-A (left) and DEEP2-A (right) samples. We plot the 
sSFR) in bins of rest-frame U — B color. The red dotted lines illustrate 

shifts (0.18 < z < 0.55). lBalogh et all (|1998h arrived at 
a similar result, finding that the typical [O II] equiva- 
lent width for a galaxy decreases as a function of clus- 
tercentric radius. Furthermore, using data from the 
DEEP2 survey to s tudy galaxy environments at z ~ 1, 
ICooper et al.l (|2006h found that [O II] equivalent width 
(which is closely correlated with sSFR) is anticorrelated 
with local galaxy density, on average. 

4.2. Understanding the SFR-density relation at z < 1 

As discussed above, the specific star-formation rates 
in nearby galaxies are closely tied to their rest-frame 
U — B colors. For total SFR, however, the connection to 
rest-frame color is not nearly as simple. In Figure 1151 
we show the relationship between total SFR and galaxy 
color at z ~ 0.1 and at z ~ 1. At constant color, the 
range of star-formation rates can exceed two orders of 
magnitude. 

Though there is an overall trend between SFR and 
U — B color, the correlation is much weaker than that 
seen between sSFR and U — B color (cf . Fig. fl~3|l . The 
factor of stellar mass which distinguishes sSFR from SFR 
is the logical culprit. When we examine the mean SFR 
as a function of both U — B color and absolute mag- 
nitude, Mb, we find that, unlike the mean sSFR, the 
mean SFR is far from independent of Mb ; in Figure 116) 
the isocontours of mean SFR run diagonally. 9 This is lit- 
tle surprise, since sSFR is closely related to galaxy color, 
as shown in Fig.[13j and (M*/L) is to first order simply 
a function of color, as described in ^2.51 so total SFR is, 
roughly, a product of two functions of color alone (sSFR 
and (M*/Lb) with the luminosity defined by Mb- Thus, 
evolution in the relationship between global SFR and en- 
vironment is closely tied to evolution in the relationships 
between U — B and environment as well as Mb and en- 
vironment, not just one or the other. 

Usin g data from the DEEP2 survey, ICooper et al.l 
( 2006) explored the dependence of mean environment on 
the two dimensions of galaxy color and absolute magni- 

9 The difference in the slope of the isocontours of mean SF R in 
the SDSS and DEEP2 samples is discussed in more detail in i|5.3l 
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Fig. 14. — The mean sSFR as a function of galaxy color, U — B, and absolute magnitude, Mb, for galaxies in the SDSS-A (left) and 
DEEP2-A (right) samples. The means are computed in a sliding box, illustrated in the corner of each plot, with width AMg = 0.3 
and height A(U — B) = 0.1. Darker areas in the image correspond to regions of higher average sSFR in color-magnitude space with 
the scale given by the corresponding inset color bar. The contours in the respective plots correspond to levels of < log 1( ,(sSFR) >= 
-11.75, -11.5, -11.25, -11, -10.5, -10, -9.5 (left) and < log 10 (sSFR) >= -10.5, -10, -9.5, -9, -8.5 (right). At regions where the sliding 
box includes less than 20 galaxies, the mean sSFR is not displayed. The dashed lines in each plot show the color-dependent, absolute- 
magnitude selection cut (cf. Equation [2} used in defining sample DEEP2-B. 




Fig. 15. — The relationship between log 10 (SFR) and rest-frame color in the SDSS-A (left) and DEEP2-A (right) samples. We plot the 
mean square points and the error in the mean grey region of log 10 (SFR) in bins of rest— frame U — B color. The red dotted lines illustrate 
the median relation in the same sliding bins. 



tude at z ~ 1. One of the chief results from this work 
was the discovery that for galaxies in the blue cloud the 
mean galaxy environment depends on Mb- In contrast, 
previous studies at z ~ found that mean galaxy over- 
density is essentially independent of a bsolute magnitude 
for the blue galaxy population (e.g.. iHogg et alJl2004t 
iBlanton et al.ll20"05an . In Figure \T7\ we show the mean 
absolute £?-band magnitude as a function of local over- 
density for blue galaxies in the SDSS and DEEP2 survey; 
while the mean Mb among nearby galaxies varies only 
weakly as a function of 1 + $3, the same trend at z <~ 1 
shows a significant gradient, such that the average ab- 
solute magnitude of galaxies in regions of higher galaxy 
density is brighter. From linear-regression fits to the 
data points in Fig. [T71 we find that the slope of the re- 
lationship between mean absolute magnitude (Mb) and 



environment for blue galaxies is a factor of > 5 greater 
at z ~ 1 than that found locally. 

This difference in the relationship between environ- 
ment and absolute magnitude (and therefore stellar mass 

- cf. Fig. [H) within the blue galaxy populations at 
z ~ 0.1 and z ~ 1 is reflected in the observed inversion 
in the mean SFR-environment relationship. In combi- 
nation with the color-density relation, it can explain the 
trends found in both Fig. [TTland Fig. [12] When plotting 
the mean SFR as a function of environment at z <~ 1, 
each bin in overdensity is dominated by galaxies resid- 
ing in the blue cloud, given DEEP2's bias towards the 
blue galaxy population. Thus, in Fig. II lb . we simply 
see an increase in mean SFR with overdensity, tracking 
the trend between mean Mb and environment for blue 
galaxies (cf. Fig. [17)) . At the highest galaxy densities, the 
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Fig. 16. — The mean SFR as a function of galaxy color, U — B, and absolute magnitude, Mb, for galaxies in the SDSS-A (left) and 
DEEP2-A (right) samples. The means are computed in a sliding box, illustrated in the corner of each plot, with width AAfg = 0.3 and 
height A(U — B) = 0.1. Darker areas in the image correspond to regions of higher average star-formation activity in color— magnitude space 
with the scale given by the corresponding inset color bar. The contours in the respective plots correspond to levels of < log 1 g(SFR) >= 
-1.5,-1,-0.5,0.0,0.25,0.5 (left), and < log 10 (SFR) >= 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75 (right). At regions where the sliding box includes 
less than 20 galaxies, the mean SFR is not displayed. The dashed lines in each plot show the color-dependent, absolute-magnitude selection 
cut (cf. Equation [2]l used in defining sample DEEP2-B. 
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Fig. 17. — The mean absolute f?-band magnitude, Mb for blue 
galaxies in the SDSS-A (solid line and triangles) and DEEP2-A 
(dashed line and squares) samples, in bins of local galaxy over- 
density, I + 53. The blue galaxy populations w ithin the SDSS 
and DEEP2 samples are defined as described in i|2,ll While the 
mean Mb shows little dependence on environment for nearby blue 
galaxies, there is a much stronger dependence at z ~ 1. 

contribution of red galaxies to the DEEP2 sample peaks 
and contributes to the flattening of this relationship. 

In Fig. [T2l on the other hand, we see a U-shaped trend 
when plotting mean environment as a function of SFR 
at z ~ 1. At the lowest SFRs, the sample is domi- 
nated by the red galaxy population (cf. Fig. [T6|) , which 
are quenched entirely. Thus, we measure a high average 
overdensity for galaxies with low levels of star-formation 
activity, driven by the color-density relation; red galax- 
ies typically favor regions of higher galaxy density, at 
both z ~ 0.1 and z ~ 1. At somewhat higher SFRs, the 
sample becomes a mix of galaxies on the red sequence 
and fainter galaxies on the blue cloud, so the mean envi- 



ronment drops, reflecting the color-density relation. At 
log 10 (SFR) > 0.8 M*/yr, however, the mean overdensity 
begins to rise as the sample becomes entirely composed 
of increasingly brighter blue, star-forming galaxies. At 
these high SFRs, we therefore find the same relation as 
seen in Fig. II lb . where the mean overdensity increases 
with SFR. 

5. POTENTIAL SYSTEMATIC EFFECTS 
5.1. Isolating the Blue Cloud 

As briefly discussed in SJH the galaxy population at 
z < 1 is bimodal in nature, with galaxies both locally 
and out to intermediate redshifts divisible into two dis- 
tinct types: red, early-type galaxies lacking much star 
formation and blue, late-type galaxies with active star 
formation. Separating these two galaxy populations as 
described in tj2.ll we can study the blue ( "star-forming" ) 
population in isolation while eliminating any relative bias 
towards one or the other type of galaxy in the SDSS 
and DEEP2 samples. The SDSS-C sample, which has a 
red fraction matched to that of the DEEP2-C sample, 
also provides a test for such selection effects. Addition- 
ally, this can facilitate comparison to other environment 
studies which on ly include star-forming galaxies (e.g., 
lElbaz et al.ll200l . 

We find that the trends of sSFR and SFR with environ- 
ment discussed in ij3] at z ~ and z ~ 1 persist if we re- 
strict samples to only the blue, star-forming population. 
Table [4] lists the coefficients from linear-regression fits to 
the dependence of mean SFR (and sSFR) on overdensity 
in the SDSS-A and DEEP2-A galaxy samples, isolating 
simply the blue-cloud population. For both the SDSS 
and DEEP2 samples, the dependence of mean sSFR on 
local overdensity is weaker when excluding the red se- 
quence. As discussed in fT4J the sSFR-density relation 
is effectively tracing the color-density relation, which is 
dominated by the tendency of red galaxies - which have 
been removed here - to be found in dense regions. 

When measuring the dependence of mean SFR on lo- 
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cal galaxy density, we find that the relation is weaker in 
the SDSS blue-cloud population than in the full SDSS- 
A sample. However, we still detect a significant trend, 
with the mean SFR of the star-forming population be- 
ing lower in regions of higher overdensity. Again, this 
relationship is closely connected to the color-density re- 
lation, and so we would expect it to be weakened by the 
exclusion of the red-sequence population. In contrast, 
we find a stronger dependence of mean SFR on envi- 
ronment in DEEP2 when isolating the blue cloud than 
not. As detailed in <21 the relationship between SFR 
and galaxy density at z ~ 1 is a combination of two 
competing trends: the color-density relation and the de- 
pendence of mean luminosity on environment along the 
blue cloud. The inversion in the SFR-density relation at 
z ~ 1 relative to z ~ is driven by the latter trend. Iso- 
lating the blue cloud effectively minimizes the role of the 
color-density relation, making the SFR-density relation 
monotonic. 

5.2. The Impact of AGN Contamination 

Another sensible reason for focusing solely on the blue- 
cloud population is to minimize the impact of contamina- 
tion from active galactic nuclei (or AGN) . As shown and 
discussed in detail by lYan et all ([20061 ). [O II] A3727A 
emission is not a direct indicator of star for mation in 
the lo cal Universe. AGN, especially LINERs (jHeckmanl 
1980), can contribute significantly to the integrated [O 
II] emission from nearby galaxies. This additional source 
of emission causes the measured SFR derived from [O 
II] line luminosities to be an overestimate of the true to- 
tal SFR for some portion of the galaxy population. The 
impact of such AGN activity on the galaxy sample is 
greatest along the red sequence; where roughly 35-45% 
of nearby red gal axies exhibit signatures of AGN activity 
(|Yan et al.ll2006l). 

lYan et aTl (|2006l ) show that galaxies with significant 
AGN activity can be identified based on emission-line di- 
agnostics (e.g., [O II]/Ha, [N II] /Ha, and H/3/[0 III] line 
ratios), and therefore remov ed from the galaxy sample 
(see also lKewlev et all 12006). In the SDSS, we identify 
galaxies with likely AGN contamination based on several 
line-ratio criteria: 

[N II] /Ha > 0.6 (4) 
W [Q n] > 5 • W Ha - 7 (5) 
log 10 ([O HIJ/H/3) > 0.61 / [log 10 ([N II] /Ha) -0.05] +1.3 

where W x and x denote equivalent widths and line lumi- 
nosities for a given line, respectively. Equation [4] is de- 
signed to select most LINERs and a majority of Seyfcrts, 
while equation[5]is effective at identifying nearly all LIN- 
ERS. Finally , equation [6] is based on AGN-selection in 
the SDSS bv lKauffmann et alJ (|2003h . which is less sen- 
sitive to aperture effects related to the SDSS fibers and 
therefore more inclu sive in selecting AGN than the cri- 
terion proposed by iKewlev et al.1 J2001). Any source 
meeting any of these criteria is flagged as a likely AGN 
and subsequently removed from the galaxy sample. The 
union of these three selection criteria gives an extremely 
inclusive sample of AGN, with many AGN-star-forming 
composites also being removed from the main galaxy 
sample as AGN. 



At z ~ 0.1, we conclude that contamination from AGN 
does not introduce any systematic bias that strongly im- 
pacts the observed relationships between star formation 
and environment. Table [4] lists the coefficients from 
linear-regression fits to the dependence of mean SFR 
(and sSFR) on local galaxy overdensity for the SDSS- 
A sample with the AGN population removed (but non- 
AGN red galaxies still retained). For this restricted 
galaxy sample, we find that the results detailed in £j3] 
for the full SDSS galaxy sample persist, with mean SFR 
and mean sSFR decreasing in regions of higher galaxy 
density. The strength of the relationship between av- 
erage sSFR and environment is weaker when the AGN 
population is removed, largely due to the significantly 
smaller number of red galaxies in the SDSS sample af- 
ter removing AGN contamination (again, reflecting the 
fact that the concentration of red galaxies in overdense 
regions dominates the color-density relation). 

At z ~ 1, Ha is redshifted out of the optical window, 
and thus out of the spectral range probed by DEEP2. As 
a result, the [O II] emission from AGN is more difficult to 
disentangle from star-formation activity in our higher - 
rcdshift galaxy sample. While at 0.74 < z < 0.83 we are 
able to use [O II], H/ 3, and [O III] line ratio s to distinguish 
AGN-like emission (lYan et al.H20Ml200l . restricting to 
galaxies in such a small redshift window severely con- 
stricts the sample size at high redshift (<3500 galaxies). 
For this small sample, we find no significant difference in 
the relationships between sSFR, SFR, and environment 
with those found in the full DEEP2-A sample (cf. Ta- 
ble g]). We note that the exclusion of AGN in DEEP2 is 
only effective at removing Seyfert and LINER-likc AGN 
emission; transition objects (TOs) tend to have similar 
[O IIl]/H/3 ratios to those of the star-forming galaxies. 
To confidently exclude transition objec ts, [N II] /Ha line 
diagnostics are needed (jYan et al.ll2007[ K However, tran- 
sition objects comprise only a fraction of the AGN-like 
population (e.g., ~ 10% of red galaxies in the SDSS are 
TOs). 

For these reasons, we are not able to definitively gauge 
the impact of AGN activity on our results at z ~ 1, 
other than to show it should not dominate the ob- 
served trends. As previously discussed, the contribu- 
tion of AGN-related emission to [O II] line luminosi- 
tie s produces overestim ated SFRs. However, as shown 
by iNandra et ail ([20071 ) fr om X-ray observations of the 
Extended Groth Strip, most AGN at z ~ 1 are either 
along the red sequence or in between the red sequence 
and b lue cloud, similar to w hat has been observed lo- 
cally (|Yan et al .1 [20061 . 12007ft . When we restrict to just 
galaxies in the blue cloud within DEEP2, the inversion 
in the local SFR-density relation still persists, with SFR 
increasing in regions of higher density at z ~ 1; AGN 
cannot be driving this inversion. 

In addition, spectroscopically-identified AGN com- 
prise only a small portion (< 5%) of the DEEP2 sam- 
ple at moderate to high star-formation rates (SFR > 
10 M Q /yr). As such, AGN cannot be responsible for 
the rise in mean overdensity at high SFRs in Figure [T21 
Instead, AGN contamination would cause the U-shaped 
trend in Fig. [12] to be flattened, as red galaxies with 
no star-formation activity (which preferentially reside in 
regions of high galaxy density) would be placed into the 
range 0.25 < log 10 (SFR) < 1 due to misaccounting of 
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TABLE 4 
Fits to (s)SFR-density Relations 



Sample sSFR— density fits SFR-density fits Subset Selected 

ao 0,1 u ao (Ta\ o,q a\ u aa <j 01 



DEEP2-A -8.76 -0.023 0.013 0.021 1.03 0.068 0.003 0.005 only blue galaxies 

DEEP2-A -8.89 -0.047 0.035 0.053 0.79 0.046 0.006 0.010 with AGN removed 

SDSS-A -9.99 -0.038 0.023 0.034 -0.07 -0.007 0.004 0.006 only blue galaxies 

SDSS-A -10.13 -0.120 0.026 0.040 -0.79 -0.107 0.004 0.006 with AGN removed 



Note. — We list the coefficients and ltr uncertainties for the parameters of the linear— regression 
fits to the sSFR— density and SFR— density relations given by log 10 (< (s)SFR >) = a\ * log 1 g(l + 
S'i) + ao (cf. Fig. [10] and Fig. [JTJ, for subsamples of the SDSS-A and DEEP2-A galaxy samples 
selected (i) to isolate the blue cloud and (ii) to remove AGN. For details of these selections, refer to 
flS~Tland fel 



their AGN activity. Thus, wc conclude that AGN con- 
tamination in the DEEP2 data set is not a viable ex- 
planation for the observed inversion in the SFR-density 
relation at z ~ 1. 

Still, the impact of AGN contamination is clearly a 
concern when studying star formation at higher red- 
shift, especially given the higher number density of AGN 
(both low- and high-lumin osity) at z y 1 relative to 
what is found at z ~ (e.g. , ICowie et alj|2003t lHasingerl 
120031: iBarger fc Cowidl2005h . A more detailed treatment 
of the role of AGN in DEEP2 will be included in fu- 
ture works using the multiwavelength data in the EGS 
(lYan et all 120071: IWoo et al.ll2007t iMarcillac et all 120071 : 
iGeorgakakis et alJl2007f ). 

5.3. The Role of Dust 

In contrast to AGN activity, which can lead to over- 
inflated SFR estimates, dust will cause some fraction of 
star formation to be hidden at optical or UV wavelengths, 
yielding a measurement of the total SFR that is an under- 
estimate of the true SFR. To account for this effect, we 
h ave corrected our S FRs a ccording to the mean relations 
of lMoustakas et all (|2006l ). which calibrate SFRs derived 
from [O II] line luminosities against more precise SFR 
indicators (e.g., extinction-corrected Ha-derived SFRs) 
from multiwavelength data; they find it is possible to 
produce a correction which is a function only of galaxy 
luminosity, Mb, that accounts for both mean m e tallic - 
ity and reddening effects. While IMoustakas et al.l (2006) 
conclude that there remains significant scatter between 
these [O II] -derived SFR estimates and cleaner measures 
of star formation (at a level of roughly ±90%), this lack 
of precision in our star-formation rates is not the domi- 
nant source of error in our analysis. Measures of galaxy 
environment are by nature imprecise, with a level of un- 
certainty dependent upon the sampling density and red- 
shift precision and accuracy of the redshift survey. The 
errors in overdensity measures are the greatest obstacle 
to detecting trends between galaxy properties and en- 
vironment at z ~ 1 and at z ~ . By applying the 
corrections oflMoustak as et ahl (|2006f ). we should be able 
to reduce any overall bias in our analysis due to the use 
of [O II] as a SFR indicator to a modes t level. 

Wh ile the empirical calibrations of IMoustakas et al.l 
(2006) were derived from data at z ~ 0, they have been 
tested at higher redshifts (to z < 1.4), with no depen- 
dence on redshift observed. Still, the DEEP2 sample em- 
ployed here probes fainter lumin osities than the samples 
used bv IMoustakas et alj (|2006D at z > 0.7. To test the 



sensitivity of our results to the particular calibration of 
the [O II]-derived star-formation rates at z ~ 1, we have 
redone our analysis with star-formation rate calibrations 
having l/ 2x or 2x the luminosit y-dependence given in 
Table 2 of Moustak as et all (|2006h . accounting for a wide 
range in evolution of possible dust and metallicity effects. 
Even when we vary the luminosity-dependence of the [O 
II] /SFR calibration to such a degree, the form of the 
trends between both specific and total star-formation 
rate and environment at z ~ 1 remain similar (e.g., 
the SFR-density relation is still inverted relative to that 
found at z ~ 0, and the U-shaped dependence of average 
overdensity on SFR persists). We note that the ampli- 
tude of this calibration, rather than the strength of its 
luminosity-dependence, will not affect the conclusions of 
any of our studies at constant redshift, but only compar- 
isons of the overall strength of star-formation at z ~ 1 
toz~ 0.1. 

Clearly, if a source is sufficiently highly obscured, then 
we may detect no [O II] emission in the DEEP2 spec- 
tra. For such s ource s, the empirical calibrations of 
IMoustakas et al.1 {2006) will not be appropriate. How- 
ever, multiwavelength studies of star formation at z < 
3 have shown that extinction is well-co rrelated with 
star-formation rate (Hop kins et al.l l2001h . As such, 
correcting for e x tincti on beyond that expected from 
IMoustakas et al.1 ((2006) would be expected to increase 
the strength of the trends observed in the DEEP2 sam- 
ple, causing the average SFR to be yet higher in over- 
dense regions. 

One method for detecting heavily obscured sources and 
minimizing the impact of dust on SFR measurements is 
to observe at longer wavelengths (e.g., at 24/im), where 
dust obscuration is much weaker. Analysis of the re- 
lationship between star formation and environment us- 
ing Spitzer/MIPS data wil l be the subject o f future pa- 
pers (jMarcillac et~all 120071 IWoo et al.ll2007h and will be 
a critical check to the results presented here. However, 
extremely deep infrared data is needed to include sources 
with star-formation rates as low as those measurable in 
the DEEP2 spectroscopy. For instance, within the EGS, 
5421 of the DEEP2 sources are in the Spitzer/MIPS re- 
gion, but only 1645 have 24/xm det ections to a flux limit 
of S ~ 83m Jy (|Weiner et al.ll2007l ). Ongoing, extremely 
deep Spitzer/MIPS observations in the EGS and the Ex- 
tended Chandra Deep Field South (ECDFS) will provide 
data sets well-suited to future analyses of obscured star 
formation at intermediate redshift. 

We note that although they do not appear to influ- 
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ence our environment results, the effects of dust extinc- 
tion and AGN contamination may be responsible for the 
difference in the curvature of the isocontours of mean 
SFR as a function of color and absolute magnitude in 
the SDSS and DEEP2 samples, as seen in FigurefTBl The 
higher number density of AGN at z ~ 1 relative to z ~ 1 , 
especially on the red edge of the blue cloud and on the 
red sequence, inflates the mean SFR at those portions 
of the color-magnitude diagrams, thereby stretching the 
isocontours of mean SFR to redder colors. Similarly, the 
higher fractio n of obscured star f ormation at intermedi- 
ate redshift (|Le Floc'h et al.ll2005h could be responsible 
for elongating the iscontours at z ~ 1 with respect to 
those at z ~ 0. 

6. THE ROLE OF ENVIRONMENT IN THE COSMIC SFH 

As discussed in one explanation which has been 
posited for the dramatic drop in the cosmic star- 
formation rate space density at z < 1 is a corresponding 
steep decline in the galaxy merger rate, which thereby 
reduces the amount of merger-induced star formation. 
Mergers of dark matter halos are integral to hierarchi- 
cal structure formation; their rate may be calculated 
straightf orwardly in the Extende d Press-Schech t er for - 
malism dPress fc Schechterl fl97l lLacev fc Colel ll~99l . 
Unfortunately, attempts to constrain the evolution in the 
galaxy merger rate through observations at z < 1, have 
produced mixed results. 

Early imaging studies of galaxies at intermediate red- 
shift using the Hubble Space Telescope (HST) found 
galaxies with disturbed morphologies (i.e., mergers) to be 
much more common at z ~ 1 than locally and attributed 
the rapid decline in the blue lum inosity density to the 
evolution of this population fe.g.. |Abraham et al.lll996t 
Brin chmann et all Il998t Ivan den Bergh et al. 200QD. In 
agreement with this finding, some estimates of the galaxy 
merger rate at z < 1 derived from analyses of galaxy 
morphologies and from studies of spectroscopic pairs, 
have found a significant decline in the frequency of 
major mergers ove r the last 7 Gyr (IZepf fc Kool Il 989; 
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However, a number of other efforts to study galaxies 
at z ~ 1 have found a much more gradual decline in the 
pair fraction and merger rate since z ~ 1, downplaying 
the role of galaxy interactions in the evolution of the cos- 
mic star-formation history (e.g.j Neusch aefer et all l!997 
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Lotz et al.l 1200 7lh The abundance of contrasting results 



is, at least in part, due to the difficulty in measuring the 
merger rate, which depends significantly on the treat- 
ment of projection effects and assumptions regarding the 
timescales over which merger signatures are visible. Fur- 
thermore, despite having large differences in the best-fit 
rate, many of the seemingly-contradictory evolution es- 
timates are still consistent with each other due to small 
sample sizes and large random errors. Many system- 
atic pro blems could affec t one method or another; for 
instance, iBell et all ([2006) argues that some of the vari- 
ance in results is attributable to accounting errors in con- 
verting pair fractions into merger rates. 

Recent studies at intermediate redshift have benefited 
from significantly larger sample sizes and deeper HST 
imaging over wider fields. While this has not yielded 



consensus on the evolution of the merger rate, studies of 
galaxy morphologies using data sets in fields such as the 
EGS and the ECDFS have found that the contribution 
from irregular (or peculiar) galaxies to the blue luminos- 
ity density t o be subdominant at z ~ 1; for instance , 
resu lts from IConselice et all (|200l . IWolf et all ((20051 
and lZamoiski et al.1 (|2007f )~all indicate that the drop in 
the global SFR at z < 1 (as traced by the JS-band and 
UV luminosity densities) is driven by a decline in the 
emission from galaxies with regular (i.e., non-disturbed) 
morphologies. Thus, regardless of the evolution in the 
merger rate, galaxy mergers m ust not be the domi- 
nant c ause of the stark (~ 10-20 x . iFukugita fc Kawasakil 
120031: iHopkins fc Beacoml l2006f) decline in the global 
star-formation rate since z ~ 1. 

This conclusion is s upported by a variety of other 
galaxy studies at z < 1 . ILin et all (|2007h placed an upper 
limit of < 40% on the contribution from galaxy pairs (i.e., 
precursors to mergers) to 24^t m infrared emiss ion at in- 
termediate redshift. Similarly. IBell etlrtl (|2005f ) find that 
the relationship between galaxy morphology and star- 
formation activity at z ~ 0.7 implies that major mergers 
(and the evolution in the major merger rate) cannot be 
the proximate cause of the decline in the cosmic star- 
formation rate. In agreement with these observational 
results, theoretical models of galaxy mergers predict that 
such interactions contribute only a small fraction of the 
total star-formation rate space density of the Universe 
(|Hopkins et al.ll2006f ). 

Since galaxy mergers do not appear to be driving the 
global decline in the cosmic star-formation rate since 
z < 1, a new paradigm is required. Several multiwave- 
length studies of star formation at intermediate and low 
redshifts have concluded that the reduction in the global 
star-formation rate space density is largely driven by 
long-term processes such as gradual gas depletion , rather 
than galaxy mergers. Fo r instance. iBauer et al.l (2005) 
and (|Noeske et al.ll2007bl ) find that star-forming galax- 
ies populate a tight sequence in SFR and stellar mass 
at z < 1.2, with a limi ted range in SFR at a given stel- 
lar mass and redshift (|Noeske et al.ll2007bf ). This con- 
strains the amount of episodic star-formation activity 
that may be occurring, and indicates that star formation 
at z < 1 appears to be dominated by a gradual decline 
in the average SFR among the star-forming galaxy pop- 
ulation. Strong, outlier bursts indicative o f being driven 
by me rger activity are rare, even at z > 1 dNoeske et al.l 
I2007aft . 

While mergers (and environment) should play some 
role in the decline of the global SFR even if there is 
only a weak evolution in the merger rate, the growing 
consensus appears to be that mergers have relatively lit- 
tle effect on the global decline in star formation from 
z 1 to z ~ 0. The impact of other environment 
dependent mechanisms, however, could be significant. 
For instance, virial shock-heating of infalling gas onto 
massive dark matter halos can produce a smooth de- 
cline in star formation with time: as the flow of cold 
gas to galaxies in such halos is suspended, the galaxies 
suffer from starvation and gradually stop forming stars. 
Given the strong correlat ion between halo mass and 
local galaxy density (e.g.. iLemson fc Kauffmarml 119991 : 
iGao et al.ll200l IWetzel et al.ll2007t ICroton et al.ll2007ft . 
this process should exhibit a close connection with galaxy 
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environment. Similarly, conductive heating of gas can 
halt star form ation within infalling galaxies onto a clus- 
ter o r group (|Cowie fc McKed [19771 iCowie k Songalial 
fl97l . Like ram-pressure stripping, evaporation occurs 
most efficiently in the central regions of clusters. How- 
ever, the gas density and temperature in the outskirts 
of clusters or in groups are sufficient to make these pro- 
cesses efficient in less extre me environs than the centers 
of the most massive clusters (|Fuiita fc Gotdl2"004t iHesterl 
f2006h . 

However, the results of this paper show that 
environment-dependent (or environment-related) pro- 
cesses are not responsible for driving the decline in the 
cosmic star-formation rate. Instead, our analysis sup- 
ports the general picture of a smooth decline in the typi- 
cal galaxy SFR, with only a relatively minor impact from 
environment-related mechanisms such as mergers, evap- 
oration associated with conductive heating, and ram- 
pressure stripping. The star-formation rate in both 
dense and underdense regions has decreased rapidly since 
z ~ 1, rather than primarily declining in group and 
cluster-like environments. 

Figure [18] shows the decline in the average (and 
median) SFR for the blue galaxy population within 
the volume-limited [relative to M%{z)] DEEP2-C and 
SDSS-B samples. The evolution in the mean SFR is 
much stronger than the dependence of mean SFR on en- 
vironment at z ~ 1 or z ~ (cf . Fig. [TTjl ; the average (or 
median) SFR drops by a factor of ~ 20 between z ~ 1 
and z ~ 0.1, while the contrast between the mean SFR 
in the highest- and lowest-density regions is less than 
a factor 2 at both z ~ 1 and z ~ 0.1. Changing the 
rate of Mg evolution used to define these samples (i.e., 
the parameter Q in Equation [5]) changes these results 
only modestly; the growth in the mean SFR for these 
matched samples ranges from a factor of ~ 18 to ~ 16 
for Q = —1.37 or Q = — 1. While our results show that 
environment is clearly correlated with star-formation ac- 
tivity at z < 1 and that there is significant evolution in 
the relationship between mean SFR and galaxy overden- 
sity from z ~ 1 to z ~ 0, the strength of the SFR-dcnsity 
relation and its evolution at z < 1 is a small perturbation 
on the overall decline in the global star-formation rate 
space density. If environment-related processes played a 
dominant role in the cosmic star-formation history over 
the last 7 Gyr, then we would expect the decline of the 
cosmic star formation rate to be associated with only a 
subset of environments. 

While galaxy environment does not dictate the evo- 
lution of the global star-formation activity at z < 1, it 
does play a central role in both the complete quenching of 
star formation (i.e., the creation of "red and dead" galax- 
ies) and the evolution of the b right, blue gal a xy ( BBG) 
population. As first shown by ICooper et alJ (|2006| ). all 
major features of the color-density relation were in place 
by z ~ 1. This significant relationship between rest- 
frame color and environment, which is echoed in the 
sSFR-density relation, is a result of star-formation ac- 
tivity being completely halted in groups much more fre- 
quently than in less dense environments. Similarly, by 
analyzing the evolution of the blue galax y fraction in 
both g alaxy groups and the field in DEEP2. lGerke et alJ 
( 2007) showed that the growth in the abundance of 
galaxies on the red sequence (e.g., iBrown et all 120071 : 
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Fig. 18. — The mean and median galaxy SFR as a function of red- 
shift for blue galaxies in the SDSS-B and DEEP2-C samples (black 
filled circles). The blue galaxy populations are selected according 
to Equation [ TJ w ith an offset of 0.14 magnitudes for the SDSS as 
described in £|2. It . The DEEP2-C sample is divided into two sub- 
samples according to redshift (0.75 < z < 0.9 and 0.9 < z < 1.05). 
The blue squares and red triangles show the evolution in the mean 
and median SFR for blue galaxies in the lowest-density (bottom 
20%, blue squares) and highest-density (top 20%, red triangles) 
environments in the corresponding redshift regime. Note that the 
values tracing the evolution in the mean SFR are offset by +0.25 
in log 10 (SFR) to facilitate display. The overall decline in the mean 
and median SFR with redshift is significantly greater than the de- 
pendence of the mean and median SFR on environment at either 
z ~ or z ~ 1. Note that the star— formation rates are given in 
units of /i -2 Mo/yr. 

iFaber et al.ll2007t ) occurred primari ly in groups and clu s- 
ters of galaxies at z < 1.3 (see also lCooper et al.ll2007l) . 

Environment plays a related role in the e v olutio n of 
BBGs. As first discussed by ICooper et al.l (|2006D . in 
order to reconcile the differences in the luminosity- 
environment trends at z ~ 1 and z ~ 0, the BBGs in 
dense environments at z <~ 1 must have ceased star for- 
mation and moved onto the red sequence by the present 
epoch. This evolution may play a significant role in the 
evolution of the bright end of the blue galaxy luminos- 
ity function, which sees a significant drop off in num- 
ber density at bright magnitudes over the last 7 Gyr 
(e.g. IWillmer et aLlboollBundv et alj2006t[Zucca et all 
2006). This quenching of the BBGs in overdense environ- 
ments will have only a small impact on the global SFR, as 
the most massive galaxies contribute only a small por- 
tion of the total SFR density at z < 1 (|Juneau et al.1 
l2005t !Zheng~eTla1l2T)0"7h . 

As this paper was being completed, a parallel analy- 
sis of the relationship between star formation and en- 
vironment a t inte rmediate redshift was presented by 
lElbaz et"aT1 (|2007l ). Our results, which are based on a 
significantly larger sample and probe to lower levels of 
star-formation activity, are in rel atively good agreement 
with those of El baz et"aT1 (|2007f ). Both analyses find 
an inversion (or "reversal") in the SFR-density relation 
at z <~ 1 relative to the local relation. Furthermore, 
both studies conclude that major mergers cannot be the 
solitary physical mechanism responsible for the correla- 
tion between SFR and galaxy overdensity a t intermedi- 
ate redshift. Using HST/ ACS imaging data. lElbaz et al.1 
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systems showing signa tures of recent mergers (see also 



(|2007| ) conclude that the majority of luminous infrared 
galaxies in high-density regions at z ~ 1 exhibit nor- 
mal spiral morphologies — i.e., they are not disturbed 

ig signa l 

iMelbourne et~a l. 2005). 

The lElbaz et al.l (|2007T ) data set, which is based 
on deep 24/rni Spitzer /MIPS imaging in the GOODS 
(jDickinson et al.l l2003f) fields, provides a reassuring 
cross-check to our study based on [O II] line luminosities. 
While multiwavelengt h analysis in the ECDFS, GOODS, 
and EGS fields (e.g., iMarcillac et "all l2007t IWoo et all 
l2007h will further explore the impact of dust and metal- 
licity on the connection between environment and star 
formation at z < 1, the agre ement between our work 
and that of lElbaz et alj (|2007f ) indicates that extinction 
effects are not strongly biasing our results at z <~ 1, and 
that missing low-SFR galaxies is not dominating their 
results. 

7. SUMMARY & CONCLUSIONS 

In this paper, we present a detailed study of the rela- 
tionship between star formation and local environment 
at both z ~ and z ~ 1 using galaxy samples drawn 
from the SDSS and DEEP2 surveys. We estimate the 
local overdensity about each galaxy according to the pro- 
jected 3 rd -nearest-neighbor surface density, and measure 
star-formation rates using [O II] A3727A line luminosi- 
ties, calibrated to more robust star-formation indicators. 
Our principal results are as follows: 

• We find that the relationships between specific 
star-formation rate and environment at z ~ and 
at z ~ 1 are very similar, with the mean sSFR 
decreasing in regions of higher galaxy density. We 
conclude that this trend, like the color-density rela- 
tion at z < 1, is driven by the quenching of star for- 
mation in regions of high galaxy overdensity (i.e., 
galaxy groups and clusters). At both epochs, we 
find a close correlation between sSFR and rest- 
frame U — B color. 

• In contrast to the local SFR-density relation, wc 
find an inversion in the dependence of mean SFR 
on local overdensity at z ~ 1, such that the typi- 
cal SFR increases in higher-density regions, rather 



than decreasing as at z ~ 0. At z ~ 1, both 
the highest- and lowest-SFR galaxies are typically 
found in denser regions than intermediate objects, 
while at z ~ 0, the highest-SFR galaxies prefer 
void-like environments. This reflects the fact that 
there is a significant positive correlation between 
luminosity and overdensity at z ~ 1 which is weak 
or absent locally. These trends are associated with 
the existence a population of bright, massive blue 
galaxies in dense regions at z ~ 1, as first discov- 
ered by ICooper et al.l (|2006( ), which have no local 
counterparts. This galaxy population is thought to 
evolve into members of the red sequence from z ~ 1 
to z ~ 0. 



• Environmental effects do not play a dominant role 
in shaping the cosmic star-formation history at z < 
1. The dependence of the mean galaxy SFR on 
local galaxy density and its evolution from z ~ 1 
to z ~ is much weaker than the decline in the 
global SFR space density over the last 7 Gyr. 
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